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RESOURCE TRACKING METHOD AND
APPARATUS

RELATED APPLICATION

The present application 1s a continuation of U.S. patent
application Ser. No. 12/027,016 filed on 6 Feb. 2008, 1ssued
on 1 Nov. 2011 as U.S. Pat. No. 8,051,423, which claims
priority to U.S. provisional patent application Ser. No.
60/888,414 filed on 6 Feb. 2007 and U.S. provisional patent
application Ser. No. 60/888,446 filed on 6 Feb. 2007, each of

which are incorporated herein by reference in their entirety.

COPYRIGHT NOTICE

A portion of the disclosure of this patent document con-
tains material, which 1s subject to copyright protection. The
copyright owner has no objection to the facsimile reproduc-
tion by anyone of the patent disclosure, as 1t appears in the
U.S. Patent and Trademark Oflfice patent files or records, but
otherwise the copyright owner reserves all copyright rights
whatsoever.

BACKGROUND

1. Field of the Invention

The present invention generally relates to parallel process-
ing and more particularly relates to systems and methods for
tracking resources during parallel processing.

2. Related Art

Parallel processing engages the concurrent use of multiple
processors to solve large computational problems. Since
solving large problems often requires significant time with a
single processor, parallel processing allows such problems to
be distributed amongst multiple processors, with each of
which solving only a portion of the problem 1n a fraction of
the time.

However, parallel processing presents significant chal-
lenges. For example, a complex task scheduler is required to
ciliciently distribute problem components between the mul-
tiple processors, memory resources must be properly allo-
cated and shared, and messages must pass between the pro-
CEeSSOrs.

However, conventional task schedulers are inadequate for
eificient parallel processing. Conventional task schedulers
perform two functions: 1) tracking of resources, and 2) pro-
viding the policies by which tasks are mapped to, and hence
evaluated by, resources. Unfortunately, 1n conventional task
schedulers no clear delineation exists between tracking
resources, on one hand, and the manner by which those
resources are utilized, on the other. This means that a conven-
tional task scheduler, once online, must always be online.
This results 1n conventional parallel processing that 1s limited
to only a single session, which also must always be online.
This also results 1n conventional parallel processing that oper-
ates with a single set of policies within the single session.

One proposed solution 1s to invoke multiple sessions, each
running a distinct task scheduler and implementing a differ-
ent set of policies. This method 1s highly disadvantageous
since 1) there may be a long latency time mvolved 1n obtain-
ing the resources in the first place when the session 1s invoked,
and 2) there 1s no guarantee that another session will not seize
some or all of the resources the new session needs during that
open time window between when the first session 1s killed and
the new session 1s 1voked. Thus, any solution that requires
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2

that sessions compete with each other for the same resources
will significantly decrease the efficiency of the overall paral-
lel processing system.

Another proposed solution 1s to work within the bounds of
the tightly coupled, single session/single task scheduler/
single policy scenario, but to augment the task scheduler’s
policy to take into account the new requirements. This
method 1s also highly disadvantageous because the policy
enforced by a task scheduler 1s already highly complex. For
example, 1t must account for race conditions as a result of
premature terminations, among other things. Because of the
highly complex nature of the policy, a solution that requires
the policy to be even more complex 1s highly undesirable,
especially when the new policy 1s tangential or even incom-
patible with the existing policy.

Therefore, what 1s needed 1s a system and method that
overcomes these significant problems found 1n conventional
parallel processing systems as described above.

SUMMARY

The present invention provides parallel processing systems
and methods that enable single session parallel processing
with multiple task schedulers implementing multiple policies
and communicating with each other via communication
primitives. This 1s achieved, 1n one embodiment of the present
invention, by decomposing the general problem of exploiting
parallelism 1nto three parts. First, an infrastructure is pro-
vided to track resources. Second, a method that exposes the
tracking of the alorementioned resources to task scheduler(s)
and communication primitive(s ) 1s defined. Third, amethod 1s
provided by which task scheduler(s), in turn, may enable
and/or disable communication primitive(s).

In one embodiment, the fundamental concepts of tracking
resources and utilizing resources are de-coupled or separated
into two modules: a tracker and a task scheduler/evaluator.
The tracker 1s always online during a session. The task sched-
uler manages the execution of a collection of tasks using a
collection of resources and i1s capable of going online or
offline within a single session (1.e., the task scheduler can
obtain and release resources).

In operation, after a session 1s 1nvoked, any task scheduler
can come online (1.e., request available resources from the
tracker). The task scheduler then manages the execution of
tasks using those available resources, and when done, 1t goes
offline (1.e., releases the resources). Another task scheduler
may also come online in the same session, obtain the same or
different resources used by a previous task scheduler, and
utilize those resources 1n a completely different way (1.e.
under completely different policy guidelines).

The separation defined above enables the following possi-
bilities: 1) 1t allows for a simpler implementation of the task
schedulers; and 2) 1t allows for a tight coupling between a task
scheduler and the communication primitives that the tasks,
managed by the aforementioned task scheduler, may use
when communicating. The task schedulers can be 1mple-
mented more simply because each task scheduler has a more
narrowly focused, discrete policy.

The tight coupling between a task scheduler and the com-
munication primitives prevents a whole class of deadlocks
from occurring. Typically, these deadlocks occur when a mis-
match exists between the polices by which any task scheduler
handles premature termination of tasks, and the functionality
implemented in terms of the communication primitives. As an
example, consider the situation where a task scheduler
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relaunches a task in the event of premature termination. This
task relaunch 1s predicated on 1t not being able to communi-
cate with any other task.

According to one embodiment of the present invention, the
separation above, and the functionality 1t enables, provides:
(a) the ability to enable and disable non-tracker functionality;
(b) the ability to filter out stale messages (e.g., messages
meant for one incarnation of a destination cannot be delivered
to another incarnation of the same destination); (c¢) the ability
to migrate resources; and (d) the ability to re-launch resources
in situ (1.e., without having to coordinate the re-launch with
any other entity).

In one embodiment, resources are managed using a star
(backbone) topology. The center of the backbone 1s termed
the Hub. The periphernies of the backbone are termed the
Spokes. Furthermore, spoke resources can be migrated
between hubs for more efficient parallel processing using the
hierarchical star topology.

Other features and advantages of the present invention will
become more readily apparent to those of ordinary skill in the
art after reviewing the following detailed description and
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The details of the present invention, both as to 1ts structure
and operation, may be gleaned 1n part by studying the accom-
panying drawings, 1n which like reference numerals, refer to
like parts, and 1n which:

FIG. 1A 1s a schematic block diagram representation of an
example parallel hardware system composed of a set of physi-
cal machines according to an embodiment of the present
invention;

FIG. 1B shows an example of how each physical machine
may be used to execute a set of virtual machines according to
an embodiment of the present invention;

FIG. 1C shows the two fundamental concepts of Parallel
Processing, and Concurrent Processing according to an
embodiment of the present invention;

FIG. 2A shows an example of a schematic block diagram
representing a virtual machine that includes a virtual process
that comprises two physical processes according to an
embodiment of the present invention;

FI1G. 2B shows an example of the two fundamental types of
schedulers according to an embodiment of the present inven-
tion;

FIG. 3A 1s a signal diagram that shows an example parallel
processing infrastructure according to an embodiment of the
present invention;

FIG. 3B 1s a block diagram that shows an example of the
attributes of aresource over time within a session according to
an embodiment of the present invention;

FIG. 4 provides a high level overview of an example
tracker, and how 1t interacts 1n a system that allows for the
definition and implementation of task schedulers and task
evaluators according to an embodiment of the present mnven-
tion;

FIG. 5A 1s a block diagram that 1llustrates each level of an
example backbone hierarchical topology according to an
embodiment of the present invention;

FIG. 5B 1s a block diagram that illustrates an example the
secondary topology according to an embodiment of the
present invention;

FI1G. 5C 1s a block diagram that 1llustrates an example of a
hierarchical backbone topology according to an embodiment
of the present invention;
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FIG. 6A 1s a block diagram of an example session accord-
ing to an embodiment of the present invention;

FIG. 6B i1s a block diagram of an example session of a task
scheduler according to an embodiment of the present inven-
tion;

FIG. 6C 1s a block diagram of an example session of a task
evaluator according to an embodiment of the present mven-
tion;

FIG. 6D 1s a block diagram of an example session of a task
evaluator calling a task scheduler according to an embodi-
ment of the present invention;

FIG. 7A 1s a block diagram that illustrates an example of
the sequence of events that enable a task scheduler to come
online, schedule, and when done, go oftline according to an
embodiment of the present invention;

FIG. 7B 1s a block diagram that 1llustrates an example of
the sequence of events that enable a task evaluator to come
online, evaluate, when done, go offline, and finally report the
task’s status back to the task scheduler according to an
embodiment of the present invention;

FIG. 8A 1s a block diagram that illustrates an example of
how a Hub interacts with its Spokes according to an embodi-
ment of the present invention;

FIG. 8B 1s a block diagram that illustrates an example of
how a parent Hub migrates a Spoke to one of 1ts child Hub
according to an embodiment of the present invention;

FIG. 8C 1s a block diagram that 1llustrates an example of
how aresource 1s migrated from a Hub to another Hub accord-
ing to an embodiment of the present invention;

FIG. 9 1s a block diagram that depicts an example of the
manner 1n which a resource 1s launched, and if need be,
relaunched according to an embodiment of the present inven-
tion;

FIG. 10 1s a block diagram 1llustrating an example com-
puter system that may be used in connection with various
embodiments described herein.

DETAILED DESCRIPTION

Certain embodiments as disclosed herein provide a parallel
processing infrastructure with a resource tracking method
and system. This 1s achieved, in one embodiment of the
present invention, by decomposing the general problem of
exploiting parallelism 1nto three parts. First, an infrastructure
1s provided to track resources. Second, a method that exposes
the tracking of the aforementioned resources to task sched-
uler(s) and communication primitive(s) 1s defined. Third, a
method 1s provided by which task scheduler(s), in turn, may
enable and/or disable communication primitive(s).

The parallel processing infrastructure can be utilized 1n a
number of environments, including an architecture with mul-
tiple processors, a distributed computing environment, a glo-
bal network of processors, or any other environment where 1t
1s desirable to subdivide the execution of a computer program
between multiple processors.

After reading this description, skilled practitioners in the
art will appreciate how to implement the invention in various
alternative embodiments and alternative applications. How-
ever, although various embodiments of the present invention
will be described herein, 1t 1s understood that these embodi-
ments are presented by way of example only, and not limita-
tion. As such, this detailed description of various alternative
embodiments should not be construed 1n any way to limit the
scope or breadth of the present invention as set forth in the
appended claims.

Skilled practitioners will further appreciate that the various
illustrative logical blocks, modules, circuits, and algorithm
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steps described in connection with the embodiments dis-
closed herein can often be implemented as electronic hard-
ware, computer soitware, or combinations of both. To clearly
illustrate this interchangeability of hardware and software,
various 1illustrative components, blocks, modules, circuits,
and steps have been described above generally in terms of
theirr functionality. Whether such functionality 1s 1mple-
mented as hardware or software depends upon the particular
application and design constraints imposed on the overall
system. Skilled persons can implement the described func-
tionality in varying ways for each particular application, but
such implementation decisions should not be interpreted as
causing a departure from the scope of the mnvention. In addi-
tion, the grouping of functions within a module, block, circuit
or step 1s for ease of description. Specific functions or steps
can be moved from one module, block or circuit without
departing from the mvention.

FIG. 1A shows a schematic block diagram representative
of a parallel hardware system composed of a set of physical
machines (120, 130, 140, 150, 160) interconnected via a
physical inter-machine topology (110). In the illustrated
embodiment, each physical machine may have one or more
physical processors, and the machines or individual proces-
sors can be connected to each other via an intra-machine
topology (170) or an inter-machine topology 110 as appro-
priate.

Each physical machine may be used to execute a set of
virtual machines, as depicted in FIG. 1B; thus giving rise to
two fTundamental concepts, depicted in FIG. 1C, Parallel Pro-
cessing, and Concurrent Processing. Parallel Processing
refers to the mapping of a single virtual processor on a single
physical processor. Concurrent Processing refers to mapping,
multiple virtual processors on a single physical processor. For
the purposes of this description, the term parallel processing,
shall refer to both Parallel Processing and Concurrent Pro-
cessing.

Note that all physical machines need not be identical. So, 1n
the context of Parallel Processing, for example, machine 120
contains only one physical processor, and therefore would
execute only one virtual machine 180, as depicted in FIG. 1B.
Machine 150, on the other hand, contains multiple physical
processors, and therefore, may potentially execute many vir-
tual machines.

FIG. 2A shows a schematic block diagram representing a
virtual machine (201) that includes a virtual process that
comprises two physical processes: (a) shadow process (202),
and (b) resource process (203). The shadow process controls
launching, and 11 need be, relaunching of the resource pro-
cess. The resource process comprises at least two physical
threads; the first two of which are labeled main (204) and
daemon (205), respectively. Note that 1n one embodiment, all
resources (a collection of virtual machines, or a collection of
virtual threads within a virtual machine) are tracked using a
star (backbone) topology. The center of the backbone 1s
termed the Hub. The peripheries of the backbone are termed
the Spokes.

There are two fundamental types of schedulers, as depicted
in FIG. 2B: ones that schedule tasks across a collection of
virtual machines (204), and ones that schedule tasks across a
collection of virtual threads within a virtual machine (205).
Note that in both cases, the fundamental unit of execution,
and hence resource, 1s the virtual thread (206). Furthermore,
cach, except the first, virtual thread 1s shadowed by a shadow
thread (207). The role of the shadow thread 1s analogous to the
role played by the shadow process; namely, to launch and, i
need be, relaunch physical threads that make up a virtual
thread. In other words, the first virtual thread 1s shadowed by
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the shadow process, while the rest of the virtual threads are
shadowed by their respective shadow threads. The reason for
this distinction: a virtual process by definition must have at
least one virtual thread. Since a virtual process already has a
shadow process monitoring 1t, the first virtual thread need not
be shadowed by a shadow thread. For the purposes of this
description, unless specified otherwise, we shall refer to the
respective shadows as simply Shadows.

FIG. 3A 1s a signal diagram that shows an example parallel
processing infrastructure according to one embodiment of the
present invention. In the illustrated embodiment, the two
main functionalities—task schedulers (306 A, 3068, 306C)
and the tracker (310)—are shown within a single session that
starts at time 302 and concludes at time 303. The tracker
functionality comes online once (309), and comes oitline
once (311). However, task schedulers, unlike the tracker, may
come online and offline numerous times (306 A,306B,306C).
Note that i each such case, the manner by which resources
are utilized may differ. As an example, 306 A may utilize the
first and up to ten resources made available, and 1gnore the
rest (1T any). 306B, on the other hand, may not start scheduling
until 1t has four resources available, and utilizes more if, and
when, they become available. Finally, 306C may utilize
resources 1n ncrements of, for example, five.

Regardless of the manner by which the resources are uti-
lized, note that the tracker tracks each resource 1n terms of
three attributes: (a) ID.Resource—a number that 1s unique
across all resources, (b) ID.Reincarnation.Resource—a num-
ber that 1s unique across all reincarnations of a particular
resource, and (¢) ID.Remncarnation.Link—a number that 1s
unmique across all reincarnations of the link between each
resource and 1ts Hub. As a result, task scheduler 306C, for
example, may limit itself to using a specific set of resources
utilized at some point 1n the past (at, say time 312). For
example, consider some resource with attributes 314 of
ID.Resource=64, ID.Reincarnation.Resource=29  and
ID.Reincamation.Link=1, respectively, at time 312, as
depicted in FIG. 3B. The same resource at time 313 can have
only one of three sets of attributes (assuming the resource still
exists): (a) attributes 315—the resource 1s the same 1ncarna-
tion as found at time 312, (b) attributes 316—the resource 1s
some new incarnation that followed the one at time 312, or (¢)
attributes 317—the resource 1s the same incarnation as found
at time 312, but was migrated by some task scheduler (run-
ning on the current resource) to another task scheduler (run-
ning on some other resource), and back. Needless to say,
details on how migration takes place, and how the respective
values are computed will be covered later.

FIG. 4 provides a high level overview of an example tracker
401, and how it interacts 1 a system that allows for the
definition and implementation of task schedulers and task
evaluators (402A, 402B). The tracker 401 1s executed on the
daemon thread, while the task schedulers are invoked and
tasks are evaluated on the main thread.

The functionality of each task scheduler and evaluator,
labeled A through T, 1s defined 1n terms of modules meant to

be executed on the main thread (403 A through 4031) and the
daemon thread (404A through 404T1). Task functionality
common across all task schedulers and evaluators are defined
in the Task Kernel sub-modules (405 and 406 on the main and
daemon thread, respectively). Furthermore, where appli-
cable, all the task scheduler/evaluator modules labeled A
through T (on both the main and daemon threads) control
access to communication primitives that the respective tasks
may use when communicating within the virtual thread, or
across virtual threads. To provide fine-grain control over the
directions these communication primitives (labeled 408A/B/
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C/D) may have, their access 1s controlled by the scheduler or
evaluator sub-modules (labeled 409A/B/C/D).

Note that not all task scheduler/evaluator modules need to
provide communication primitives, as illustrated by task
scheduler/evaluator A; 1n such cases, since no communica-
tion primitives are defined, tasks cannot communication with
any other enftity. Moreover, note that the communication

primitives defined 1n Task Kernel and Tracker modules (403,
406, 401) are maccessible to both the callers of task schedul-
ers and the callees of task evaluators.

One advantage of this framework 1s that 1t permits direct
invocation ol any task scheduler (labeled 403A through
403T)on the Hub. Atthe same time, 1t allows for the reception
ol any task on the Spoke without a prior knowledge (labeled
411). One consequence of this layout: each task scheduler
sub-module on the main thread must define 1ts own event loop
to route all mncoming messages. This, 1n turn, means the
communication primitives (labeled 408A) meant to be
executed on the main thread at the Hub must be designed so
that they may only reply to a message, or process any 1ncom-
ing message; 1.¢. they may not imitiate a message, or wait for
a specific message. The details of how a task scheduler is
invoked on the Hub, and how a task 1s evaluated on the Spoke
shall be covered later.

The tracker module, 401, has four sets of links. The first
one, 413 A, 1s to the main thread. The second one, 413B, 1s to
the Shadow. The third, 413C, (set of links) connect with the
Spokes (if any). The fourth, 413D, connects with the Hub (af
any). The link 413A 1s created when the daemon thread 1s
created. The details of how the last three types of links are set
up and utilized will be covered later. Note that links with the
main thread (413A), shadow (413B), and Hub—in case of a
Spoke—(413D) must always be online for the virtual thread
to be 1n existence. I1 for any reason, any one of these links are
offline (1.e. non operational), the tracker module would close
down all four sets of links, and self destruct the virtual thread.

However, links to Spokes (413C) are handled with special
care by the Tracker module (401); it propagates any change 1n
status of the links (413C) to the Task Kernel module 406.
Details on what constituents a status report shall be covered
later.

Any suitable form of communication may be used, such as,
for example, pipes, signals, message queues, semaphores,
shared memory, sockets, or any other suitable form, as the
invention 1s not limited 1n this respect. In addition, any suit-
able network protocol or protocols may be used as the mven-
tion 1s not limited 1n this respect either. For example, 1n some
embodiments, the TCP/IP protocol may be used, even though
the communications are not necessarily traveling over the
inter-machine topology.

The scheduler portion of the Task Kernel module 406 1s the
recipient of all status reports from the Tracker module 401,
which, 1n turn, forwards the status reports to (a) the scheduler
portion of the Task Kernel module 405—if some task sched-
uler 1s online on the main thread; and (b) all communication
primitives, say, 408C (on the daemon thread) that would like
to have access to said status reports regardless of whether
some task scheduler 1s online on the main thread or not, as
depicted 1n FIG. 4 (410). The later can be leverage by a
communication primitive that provides, for example, parallel
lock functionality across, say, many virtual processes. In this
case, the parallel lock functionality implemented by the com-
munication primitive needs to track resources regardless of
whether any task scheduler is online or not. Note that in
another embodiment, the Task Kernel module 406 can define
the exact order 1n which all communication primitives 408C
are notified of the status reports.
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The tracker functionality tracks resources by way of a
(backbone) hierarchical topology (an example topology of
the present mvention). FIG. 5A 1s a block diagram showing

cach level in the (backbone) hierarchical topology. The center
of the backbone 1s termed a Hub (501). The peripheries of the

backbone are termed the Spokes (502A, 502B, 502C, 502D).
Furthermore, the task schedulers are invoked on the Hub,
while the tasks are evaluated at the Spokes.

The tasks may communicate using the existing backbone
topology, 503, or may utilize the secondary topology, 504, as
depicted 1in FIG. 5B. In some embodiments, the creation and
deletion of the secondary topology 1s guided by, and whose
usage, including direction, 1s enabled and disabled by, the
task scheduler that 1s online at the Hub. This 1s achieved by
augmenting the existing framework in three ways: (a) defini-
tion of the virtual thread 1s augmented to include a new
(separate) thread analogous to the daemon thread, but one
whose Tracker module would create, manage, and route mes-
sages meant for link(s) 1n the secondary topology; (b) the
Tracker module (401) 1s augmented to include a link to the
alorementioned (new) thread; and (¢) the task/evaluator mod-
ules (A through T) on all threads are augmented to provide
access to communication primitives meant for secondary
topology. In some embodiments, the framework can be fur-
ther augmented to support many secondary topologies. Nev-
ertheless, the pertinent point 1s this: there should be a tight
coupling between a task scheduler/evaluator and the commu-
nication primitives that the tasks may use.

FIG. 5C depicts the set up of a hierarchal backbone topol-
ogy. For example, Hub A, 505, tracks a collection of resources
(that are its spokes); one of which 1s Spoke S, 506. Spoke S,
in turn, 1s also a Hub (Hub B—307). This recursive definition
of Spokes also becoming Hubs 1s achieved 1n a well-defined
manner, and as depicted in FIG. 6D. Normally, each Spoke 1s
assigned a task by 1ts Hub, which then gets evaluated. How-
ever, hierarchal topology 1s created when a Spoke 1s assigned
a task whose evaluation results 1n the invocation of some task
scheduler, as depicted 1n 605 (FIG. 6D).

To summarize, at any moment in time 601 (FI1G. 6A), each
node within a hierarchal backbone topology 1s one whose
main thread is either (a) offline; (b) executing a task sched-
uler, as depicted in FIG. 6B—this 1s only possible at the
one/only root node of the hierarchical backbone topology; (c)
executing a task evaluator, as depicted in FIG. 6C; or (d)
executing a task evaluator which in turn has evoked a task
scheduler, as depicted 1n FIG. 6D. Furthermore, a task evalu-
ator may mnvoke multiple task schedulers before concluding
as long as they are one aiter the other, as depicted 1n 606 (FIG.
6D).

The previous discussion has detailed how the tracking
functionality 1n parallel processing 1s decoupled from the task
scheduling and task evaluation functionalities, and has also
described the general framework through which the task
schedulers interact with the tracker. Next to be described are
four abilities that enable efficient and robust resource track-
ng.

Ability to Enable and Disable Non-Tracker Functionality

FIG. 7 A illustrates the sequence of events that enable a task
scheduler to come online, schedule, and when done, go
offline, at a Hub. Upon invocation (701) of some Task Sched-
uler, say, T, on the main thread (as depicted by 403T 1n FIG.
4), four steps are taken.

First (702): (a) the corresponding communication primi-
tives labeled 408A are enabled by making them publicly
accessible by way of the API labeled 409 A; (b) the scheduler
sub-module of the Task Kernel on the main thread labeled 405
1s invoked; the return value of which 1s the 1nitial snapshot of
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the resources tracked by the Tracker (401). Furthermore,
from this point on, Task Kernel module 406 would send
messages containing incremental status reports (from the
Tracker 401) over the link 413A.

Second (705), the scheduling of tasks using resources
made available by the Tracker (401) 1s commenced. Third
(706), when done scheduling of tasks, all non-Tracker sched-
uling functionality (on both the main and daemon threads) 1s
deactivated. Note that one side-efiect of this 1s the disabling

ol the propagation of status reports (1from the Tracker 401) by
way of Task Kernel module 406. Finally (707), the scheduler

sub-module 40371 returns back to the caller.

Expanding on the mvocation of the scheduler sub-module
of the Task kernel (405) in the first step, a blocked message 1s
sent to the scheduler sub-module of the Task Kernel on the
daemon thread (labeled 406) over the link 413A. Up on
receiving the message, the scheduler performs acts labeled
703 and 704; namely, the scheduler activates the scheduler
sub-module of module Task T (labeled 404T) and the corre-
sponding communication primitives (labeled 408C), and acti-

vates the forwarding of status reports from the Tracker over
the link 413 A to the scheduler sub-module of Task T module
(403T). The reply contains the current snapshot of the status
reports of all the resources tracked by the Tracker (401).

Note that each entry 1n the status reports corresponds to the
tuple (ID.Resource, ID.Reincarnation.Resource, ID.Reincar-
nation.Link, ID.status). ID.status 1s online if the link 1s func-
tional; or else 1t 1s offline.

Conversely, FIG. 7B illustrates the sequence of events that
enable a task evaluator to come online, evaluate, when done,
g0 oltline, and finally report the task’s status back to the task
scheduler (at the Hub). First (708), a task 1s assigned by a task
scheduler, and delivered via the link 413D to the main thread,
where the Spoke waits 1n an even loop 1nside the Task Kernel
evaluator sub-module (411). Second (709), upon receiving
this task, the content of the task 1s probed to determine the
type of the task; let T denote the type of the task. Next, the task
evaluator, of type T, (408B) and the corresponding commu-
nication primitives (409B) are enabled. Third (710), the cor-
responding communication primitives for type T (409C) on
the daemon thread are enabled (409D) (by way of a message
from 405 to 406). Fourth (711), the evaluator sub-module
within 40371 1s invoked. Fifth (712), having finished evaluat-
ing the task, all primitives and functionality enabled 1n the
previous steps are disabled. Finally (713), the status of the
task 1s reported back to the task scheduler using communica-
tion primitives 4078, and the Spoke event loop inside the
Task Kernel evaluator sub-module (411), waiting for another
task.

Finally, it should be apparent to those skilled 1n the art how
steps (702, 703, 704, 706) and (709, 710, 712) need to be
augmented as needed if the task scheduler/evaluator T pro-
vides access to communication primitives for the secondary
topology.

Ability to Filter Stale Messages

There are two potential sources for stale messages: (a) ones
from the Spoke (via the link 413D) to the Hub (via one of the
links labeled 413C), and (b) ones from the Hub (via one of the
links labeled 413C) to some Spoke (via link 413D). The first
can casily be prevented by taking advantage of the fact that
the framework has the event loop for all task evaluators cen-
tralized at 411, thus ensuring that there 1s only one way by
which any task evaluator can go oftline. As long as this tran-
sition from online to oftline happens after all messages from
the said task evaluator are sent, and the fact that (a) commu-
nication primitives at the Hub can only reply, (b) Tracker
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module (401) self destructs the virtual thread 11 link 413D 1s
non operational, implies that Spokes cannot be the source of
stale messages.

There can be only one source of stale messages: ones from
the Hub (via one of the links labeled 413C) to some Spoke

(via link 413D). The creation of each such link 1s imtiated by
the Spoke, details of which we shall cover later. Suffice it to
say, once the link 1s established, the first message sent over the
link 1s from the Spoke (over 413D) to the Hub (over the just
established link—one o1 413C), and it contains two numbers:
ID.Resource, and ID.Reincarnation.Resource. The Hub,
upon receiving this message, associates a unique number,
ID.Reincarnation.Link, with this newly established link.

The three attributes, ID.Resource, 1D .Reincarnation.Re-
source, and ID.Reincarnation.Link, form the basis by which
stale messages get removed at the Hub before they are trans-
mitted to the Spoke. In other words, the headers for all mes-
sages meant for transmission over the link (413C) to the
Spoke must have the same three attributes. Otherwise, the
messages are simply discarded.

Therefore, the sources of all such messages need to be
notified 11, and when, the link goes both online and oitline.
There 1s one source for such messages: the sub-modules that
implement communication primitives across all types of task
scheduler and evaluators. This 1s achieved by having the
tracker functionality propagate any change in status with
respect to any link (to the Spokes) to the Task Kernel modules
on all threads within a virtual thread, and whose details we
covered when describing the enabling and disabling of non-
tracker functionality 1n the previous section.

Note that the Spokes cannot be the source of stale messages
because: (a) the framework has the event loop for all task
evaluators centralized at 411, thus ensuring that there 1s only
one way by which any task evaluator can go oftline—as long
as this transition from online to offline happens after all
messages from the said task evaluator are sent; (b) commu-
nication primitives at the Hub can only reply; and (¢) Tracker
module (401) self destructs the virtual thread 11 link 413D 1s
non operational.

Finally, note that this method can be extended to filter stale
messages over any secondary topology, which should be rec-
ognized and be obvious to those skilled 1n the art.

Ability to Migrate Resources

The creation of a hierarchy of resources 1s achieved by
migrating resources from a Hub to some of its Spoke(s), as
depicted in FIGS. 8A and 8B. A migration of resource 1s
triggered by a task scheduler that 1s invoked by a task evalu-
ator at some Spoke. For example, Spoke S (802) 1s assigned a
task by task scheduler A (804), which when evaluated results
in the invocation of task scheduler B (806). At this point, the
task scheduler B needs resources 1n order to scheduler tasks.
The only option available, 11 no resources exist, 1s for 1t to ask
for the resources from task scheduler A (804) by way of 1ts
caller (task evaluator A 805). Conversely, the opposite migra-
tion takes place when task scheduler B (806) 1s done sched-
uling tasks, and hence does not need the resources any more.

FIG. 8C 1llustrates an embodiment of how a resource 1s
migrated from a parent Hub to 1ts child Hub. First (808), a task
scheduler, say, B asks for a resources from 1ts caller (task
evaluator, say, A). Second (809), since the caller 1s a Spoke,
and hence cannot have access to resources, 1t forwards the
request to the task scheduler running on 1ts Hub. Third (810),
task scheduler A picks a free resource (one of its Spokes, say
F) as a candidate for migration. Fourth (811), the task sched-
uler on Hub A (801) contacts its Tracker module on Hub A
(801) to mitiate the migration of Spoke F. Fifth (812), the

Tracker module on Hub A (801) contacts the Tracker module
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on Spoke F (807) with the new coordinates (1.e. way by which
to contact the Tracker module of 1ts new Hub). Sixth (813),
the Spoke F attempts to contact the Tracker on its new Hub
(B—803). If the attempt 1s successiul (814), the Tracker
module running on Spoke F replaces link to original Hub (A)
with link to new Hub (B). On the other hand, 11 the attempt 1s
not successtul (815), an attempt 1s made to re-establish link
with the existing Hub (A); if attempt 1s successiul (816),
original link to Hub (A) 1s replaced with new link to the same
Hub (A), else (817) Tracker module self destructs the virtual
thread.

The end result of a successtul migration (814) 1s: (a) the
generation of a status report (by Tracker module at Hub
A—801) containing attributes indicating that a link went
olfline, and (b) the generation of a status report (by Tracker
module at Hub B—803) containing attributes indicating that
a link went online. The end result of a failure to migrate (816)
1s: (a) the generation of a status report (by Tracker module at
Hub A—801) containing attributes indicating that a link went
olfline, followed by (b) the generation of a status report (by
Tracker module at Hub A—801) containing attributes indi-
cating that a link went online.

Finally, note that this method can be extended by those
skilled in the art so that the request for migration can be
torwarded up the hierarchy (1.e. to parent Hub of Hub A).
Conversely, there are many ways by which a resource can be
grving up, and to which Hub.

Ability to Relaunch Resources In-Situ

FIG. 9 depicts the manner 1n which the Shadow launches,
and 1 need be, relaunches the Hub or Spoke. Note that the
Shadow 1s launched only once (901), and 1s provided with a
unique number across all resources, ID.Resource. The
Shadow, 1n turn, generates a number unique across all
launches and relaunches of the Hub or Spoke (902), ID.Rein-
carnation.Resource. These two numbers, ID.Resource and
ID.Reincarnation.Resource, are made available to the Hub or
Spoke (903).

FI1G. 9 (903) depicts the normal or premature termination
of the Hub or Spoke. In the case where the link 1s a pipe,
message queue or socket based on the, say, TCP/IP protocol,
this termination manifests itself as an EOF on the link 904 (at
Shadow)—904. Note that signals may also be utilized to
detect the termination of either a child process (1n case a
Shadow 1s a shadow process), or a child virtual thread (in case
a Shadow 1s a shadow thread). At this point, the Shadow
proceeds to clean up data structures, and prepares to relaunch
the resource by repeating step 902, only this time with another
(different) ID.Reincarnation.Resource number.

Note that since the default action of the shadow 1s to always
relaunch a resource; the only way to break the cycle 1s for a
resource to notily 1ts shadow to skip step 906 prior to termi-
nation. Furthermore, each relaunch 1s achieved 1n situ; 1.e.,
without the Shadow having to coordinate this relaunch with
any other entity, process or resource.

FIG. 10 1s a block diagram 1llustrating an example com-
puter system (1050) that may be used 1n connection with
various embodiments described herein. For example, the
computer system (10350) may be used 1n conjunction with a
parallel processing infrastructure. However, other computer
systems and/or architectures may be used, as will become
clear to those skilled 1n the art.

The computer system 10350 preferably includes one or
more processors, such as processor 1052, Additional proces-
sors may be provided, such as an auxiliary processor to man-
age 1nput/output, an auxiliary processor to perform tloating
point mathematical operations, a special-purpose micropro-
cessor having an architecture suitable for fast execution of
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signal processing algorithms (e.g., digital signal processor), a
slave processor subordinate to the main processing system
(e.g., back-end processor), an additional microprocessor or
controller for dual or multiple processor systems, or a copro-
cessor. Such auxiliary processors may be discrete processors
or may be integrated with the processor 1052.

The processor 1052 1s preferably connected to a commu-
nication bus 1054. The communication bus 1054 may include
a data channel for facilitating information transter between
storage and other peripheral components of the computer
system 1030. The communication bus 1034 further may pro-
vide a set of signals used for communication with the proces-
sor 1052, including a data bus, address bus, and control bus
(not shown). The communication bus 1054 may comprise any
standard or non-standard bus architecture such as, for
example, bus architectures compliant with industry standard
architecture (“ISA”), extended industry standard architecture
(“EISA”), Micro Channel Architecture (“MCA”), peripheral
component interconnect (“PCI”) local bus, or standards pro-
mulgated by the Institute of Electrical and Electronics Engi-
neers (“IEEE”) including IEEE 488 general-purpose inter-
tace bus (“GPIB”), IEEE 696/5-100, and the like.

Computer system 1050 preferably includes a main
memory 1056 and may also include a secondary memory
1058. The main memory 1056 provides storage of instruc-
tions and data for programs executing on the processor 1052.
The main memory 1056 1s typically semiconductor-based
memory such as dynamic random access memory (“DRAM™)
and/or static random access memory (“SRAM”). Other semi-
conductor-based memory types include, for example, syn-
chronous dynamic random access memory (“SDRAM”™),
Rambus dynamic random access memory (“RDRAM”), fer-
roelectric random access memory (“FRAM™), and the like,
including read only memory (“ROM™).

The secondary memory 1058 may optionally include a
hard disk drive 1060 and/or a removable storage drive 1062,
for example a tloppy disk drive, a magnetic tape drive, a
compact disc (“CD”) drive, a digital versatile disc (“DVD”)
drive, etc. The removable storage drive 1062 reads from and/
or writes to a removable storage medium 1064 1n a well-
known manner. Removable storage medium 1064 may be, for
example, a tloppy disk, magnetic tape, CD, DVD, etc.

The removable storage medium 1064 1s preferably a com-
puter readable medium having stored thereon computer
executable code (1.e., software) and/or data. The computer
soltware or data stored on the removable storage medium
1064 is read into the computer system 1050 as electrical
communication signals 1078.

In alternative embodiments, secondary memory 1058 may
include other similar means for allowing computer programs
or other data or structions to be loaded into the computer
system 1050. Such means may include, for example, an exter-
nal storage medium 1072 and an interface 1070. Examples of
external storage medium 1072 may include an external hard
disk drive or an external optical drive, or and external mag-
neto-optical drive.

Other examples of secondary memory 10358 may include
semiconductor-based memory such as programmable read-
only memory (“PROM”), erasable programmable read-only
memory (“EPROM?”), electrically erasable read-only
memory (“EEPROM™), or flash memory (block oriented
memory similar to EEPROM). Also included are any other
removable storage units 1072 and interfaces 1070, which
allow software and data to be transferred from the removable
storage unit 1072 to the computer system 1050.

Computer system 1050 may also include a communication
interface 1074. The communication interface 1074 allows
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soltware and data to be transierred between computer system
1050 and external devices (e.g. printers), networks, or infor-
mation sources. For example, computer software or execut-
able code may be transferred to computer system 10350 from
a network server via communication interface 1074.
Examples of communication interface 1074 1include a
modem, a network interface card (“NIC”), a communications
port, a PCMCIA slot and card, an infrared interface, and an
IEEE 1394 fire-wire, just to name a few.

Communication interface 1074 preferably implements

industry promulgated protocol standards, such as Ethernet
IEEE 802 standards, Fiber Channel, digital subscriber line

(“DSL”), asynchronous digital subscriber line (“ADSL”),
frame relay, asynchronous transfer mode (“ATM™), inte-
grated digital services network (“ISDN”), personal commu-
nications services (“PCS”), transmission control protocol/
Internet protocol (“TCP/IP”), seral line Internet protocol/
point to point protocol (“SLIP/PPP”), and so on, but may also
implement customized or non-standard interface protocols as
well.

Soltware and data transierred via communication interface
1074 are generally 1n the form of electrical communication
signals 1078. These signals 1078 are preferably provided to
communication interface 1074 via a communication channel
1076. Communication channel 1076 carries signals 1078 and
can be mmplemented using a variety of wired or wireless
communication means including wire or cable, fiber opfics,
conventional phone line, cellular phone link, wireless data
communication link, radio frequency (RF) link, or infrared
link, just to name a few.

Computer executable code (i.e., computer programs or
software) 1s stored in the main memory 1056 and/or the
secondary memory 1058. Computer programs can also be
received via communication interface 1074 and stored in the
main memory 1056 and/or the secondary memory 1038. Such
computer programs, when executed, enable the computer
system 1030 to perform the various functions of the present
invention as previously described.

In this description, the term “computer readable medium”™
1s used to refer to any media used to provide computer execut-
able code (e.g., software and computer programs) to the com-
puter system 1050. Examples of these media include main
memory 1056, secondary memory 1058 (including hard disk
drive 1060, removable storage medium 1064, and external
storage medium 1072), and any peripheral device communi-
catively coupled with communication interface 1074 (includ-
ing a network information server or other network device).
These computer readable mediums are means for providing
executable code, programming instructions, and soitware to
the computer system 10350.

In an embodiment that 1s implemented using software, the
software may be stored on a computer readable medium and
loaded 1nto computer system 1050 by way of removable
storage drive 1062, interface 1070, or communication inter-
face 1074. In such an embodiment, the software 1s loaded into
the computer system 1050 in the form of electrical commu-
nication signals 1078. The software, when executed by the
processor 1052, preferably causes the processor 1052 to per-
form the inventive {features and functions previously
described herein.

While the particular system and method shown herein and
described in detail 1s fully capable of attaining the above
described objects of this invention, it 1s to be understood that
the description and drawings presented herein represent a
presently preferred embodiment of the mvention, and are
therefore, representative of the subject matter which 1s
broadly contemplated by the present invention. It 1s further
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understood that the scope of the present invention fully
encompasses other embodiments that may become obvious to
those skilled 1n the art.

Various embodiments may also be implemented primarily
in hardware using, for example, components such as applica-
tion specific integrated circuits (“ASICs”), or field program-
mable gate arrays (“FPGAs”). Implementation of a hardware
state machine capable of performing the functions described
herein will also be apparent to those skilled 1n the relevant art.
Various embodiments may also be implemented using a com-
bination of both hardware and software.

Furthermore, those of skill in the art will appreciate that the
various 1illustrative logical blocks, modules, circuits, and
method steps described in connection with the above
described figures and the embodiments disclosed herein can
often be implemented as electronic hardware, computer sofit-
ware, or combinations of both. To clearly illustrate this inter-
changeability of hardware and software, various 1illustrative
components, blocks, modules, circuits, and steps have been
described above generally 1n terms of their functionality.
Whether such functionality 1s implemented as hardware or
soltware depends upon the particular application and design
constraints 1imposed on the overall system. Skilled persons
can 1mplement the described functionality in varying ways
for each particular application, but such implementation deci-
sions should not be interpreted as causing a departure from
the scope of the invention. In addition, the grouping of func-
tions within a module, block, circuit or step 1s for ease of
description. Specific functions or steps can be moved from
one module, block or circuit to another without departing
from the 1nvention.

Moreover, the various illustrative logical blocks, modules,
and methods described 1n connection with the embodiments
disclosed herein can be implemented or performed with a
general purpose processor, a digital signal processor
(“DSP”), an ASIC, FPGA or other programmable logic
device, discrete gate or transistor logic, discrete hardware
components, or any combination thereof designed to perform
the functions described herein. A general-purpose processor
can be a microprocessor, but 1n the alternative, the processor
can be any processor, controller, microcontroller, or state
machine. A processor can also be implemented as a combi-
nation of computing devices, for example, a combination of a
DSP and a microprocessor, a plurality of microprocessors,
One or more microprocessors in conjunction with a DSP core,
or any other such configuration.

Additionally, the steps of a method or algorithm described
in connection with the embodiments disclosed herein can be
embodied directly i hardware, in a software module
executed by a processor, or 1n a combination of the two. A

soltware module can reside in RAM memory, flash memory,
ROM memory, EPROM memory, E

EEPROM memory, regis-
ters, hard disk, a removable disk, a CD-ROM, or any other
form of storage medium including a network storage
medium. An exemplary storage medium can be coupled to the
processor such the processor can read information from, and
write information to, the storage medium. In the alternative,
the storage medium can be integral to the processor. The
processor and the storage medium can also reside in an ASIC.

The above description of the disclosed embodiments 1s
provided to enable any person skilled 1n the art to make or use
the mvention. Various modifications to these embodiments
will be readily apparent to those skilled in the art, and the
generic principles described herein can be applied to other
embodiments without departing from the spirit or scope of the
invention. Thus, it 1s to be understood that the description and
drawings presented herein represent a presently preferred
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embodiment of the invention and are therefore representative
of the subject matter which 1s broadly contemplated by the
present invention. It1s further understood that the scope of the
present invention tully encompasses other embodiments that
may become obvious to those skilled in the art and that the
scope of the present invention 1s accordingly limited by noth-
ing other than the appended claims.
The mvention claimed 1s:
1. A computer implemented method for parallel processing
of computer nstructions on a plurality of processors located
in one or more physical machines that are communicatively
coupled with each other via a communication infrastructure,
wherein the computer instructions are stored on a computer
readable medium accessible by one or more of the processors,
the method comprising:
mapping a plurality of virtual processors to a plurality of
ProCessors;

creating a parallel processing session comprising the plu-
rality of virtual processors, wherein parallel processing
occurs 1n said parallel processing session by:

executing a tracker module within said parallel processing,

session on one of said plurality of virtual processors, the
tracker module configured to coordinate the assignment
of process resources for execution of tasks in accordance
with a predetermined policy and coordinate communi-
cation between tasks being evaluated;

executing a plurality of task schedulers within said parallel

processing session on said plurality of virtual proces-
sors, each task scheduler configured to obtain resource
processes from the tracker module, said resource pro-
cesses configured to evaluate one or more tasks, wherein
cach task scheduler operates according to a predeter-
mined policy; and

executing one or more task evaluators 1n one or more of the

resource processes within said parallel processing ses-
ston and under control of a task scheduler and 1ts prede-
termined policy, wherein a task evaluator executes a set
of instructions that comprise a task.

2. The method of claim 1, further comprising sending a
communication to the tracker module by a task scheduler to
request an available resource process.

3. The method of claim 1, further comprising going oifline
with a first task scheduler when execution of a last task
evaluator under control of the first task scheduler 1s complete
while continuing execution of the tracker module within the
parallel processing session.

4. The method of claim 3, further comprising going online
with a second task scheduler while continuing execution of
the tracker module within the parallel processing session.

5. The method of claim 4, further comprising going offline
with the second task scheduler when execution of a last task
evaluator under control of the second task scheduler 1s com-
plete while continuing execution of the tracker module within
the parallel processing session.

6. The method of claim 1, further comprising implement-
ing a first predetermined policy through execution of a first
task scheduler in the parallel processing session and 1mple-
menting a second predetermined policy through execution of
a second task scheduler 1n the parallel processing session.

7. The method of claim 1, further comprising maintaining,
a hierarchical parallel processing infrastructure by the tracker
module, said hierarchical parallel processing infrastructure
comprising a plurality of links between the plurality of task
schedulers, the one or more task evaluators, and the resource
processes, wherein each link has an associated 1dentifier.

8. The method of claim 7, further comprising addressing
communications between the task plurality of schedulers, the

10

15

20

25

30

35

40

45

50

55

60

65

16

one or more task evaluators, and the resource processes using
a combination of link identifiers.

9. The method of claim 8, further comprising filtering

communications by discarding communications having an
invalid combination of link 1dentifiers.

10. The method of claim 7, further comprising changing

the identifier associated with a link when a task evaluator goes
olifline and comes back online.

11. The method of claim 7, further comprising changing
the identifier associated with a link when a resource process 1s
assigned from a first task evaluator to a second task evaluator.

12. A computer soitware product for parallel processing of
computer mstructions on a plurality of processors located 1n
one or more physical machines that are communicatively
coupled with each other via a communication infrastructure,
wherein the computer instructions are stored on a non-tran-
sitory computer readable medium accessible by one or more
of the processors, comprising:

mapping a plurality of virtual processors to a plurality of
Processors;

creating a parallel processing session comprising the plu-
rality of virtual processors, wherein parallel processing
occurs 1n said parallel processing session by:

executing a tracker module within said parallel processing
session on one of said plurality of virtual processors, the
tracker module configured to coordinate the assignment
of process resources for execution of tasks 1n accordance
with a predetermined policy and coordinate communi-
cation between tasks being evaluated;

executing a plurality of task schedulers within said parallel
processing session on said plurality of virtual proces-
sors, each task scheduler configured to obtain resource
processes from the tracker module, said resource pro-
cesses configured to evaluate one or more tasks, wherein
cach task scheduler operates according to a predeter-
mined policy; and

executing one or more task evaluators 1n one or more of the
resource processes within said parallel processing ses-
ston and under control of a task scheduler and 1ts prede-
termined policy, wherein a task evaluator executes a set
of 1nstructions that comprise a task.

13. A technical system for parallel processing of computer
instructions on a plurality of processors located 1n one or
more physical machines that are communicatively coupled
with each other via a communication infrastructure, wherein
the computer instructions are stored on a computer readable
medium accessible by one or more of the processors, the
technical system comprising;:

a plurality of processors configured to execute computer
istructions stored on a computer readable medium
accessible by one or more of the plurality of processors;

a plurality of virtual machines, each virtual machine hav-
ing one or more virtual processors, wherein each virtual
processor 1s mapped to a single processor 1n the plurality
ol processors,

wherein each virtual machine also has one or more virtual
processes and each virtual process comprises a shadow
process and a resource process and each resource pro-
cess comprises a virtual thread having a main thread and
a daemon thread;

one or more task modules configured to operate in the main
thread and schedule a plurality of tasks for evaluation
under a predetermined policy, obtain resource processes
to evaluate the plurality of tasks, and evaluate the plu-
rality of tasks using the obtained resource processes and
in accordance with the predetermined policy; and
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a tracker module configured to operate in the daemon
thread and coordinate the assignment ol process
resources to the one or more task modules and coordi-
nate communication between tasks being evaluated,
wherein said parallel processing occurs 1n a single par-
allel processing session by executing said one or more
task modules and said tracker module.

14. The system of claim 13, wherein the task module com-

prises a task kernel that includes functionality that 1s common
to all task schedulers and task evaluators.

15. The system of claim 13, wherein the task module 1s
configured to operate as a task evaluator when executing a
task and also configured to operate as a task scheduler when
coordinating the execution of a task.

16. The system of claim 13, wherein the tracker module 1s
turther configured to maintain a hierarchical structure of task
schedulers and task evaluators comprising a plurality of links
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between task schedulers, task evaluators, and resource pro-
cesses, wherein each link has an associated 1dentifier.

17. The system of claim 16, wherein the tracker module 1s
further configured to coordinate communication between
tasks by addressing communications using a combination of

link 1dentifiers.

18. The system of claim 16, wherein the tracker module 1s
turther configured to filter communication between tasks by
discarding communications with an nvalid combination of
link 1dentifiers.

19. The system of claim 13, wherein the tracker module 1s
turther configured to change the identifier associated with a
link when a task evaluator goes oflline and comes back online.

20. The system of claim 13, wherein the tracker module 1s
turther configured to change the identifier associated with a
link when a resource process 1s assigned from a first task
evaluator to a second task evaluator.
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